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Abstract 

Background: Studies in murine models and human populations have indicated that the collagen-rich granulomatous 
response against parasite eggs trapped in the liver is associated with the development of severe hepatosplenic 
schistosomiasis, characterized by periportal fibrosis and portal hypertension. The role of the humoral response in parasite 
susceptibility has been well established, but its participation in disease severity remains poorly understood. In this work, we 
evaluated the relationship between parasite-reactive IgE and IgG levels and schistosomiasis morbidity in infected patients 
with similar parasite burdens. 

Methodology/Principal Findings: Ninety-seven Schistosoma manson/-i nfected individuals were subjected to clinical 
examination and abdominal ultrasound analysis. IgG reactivity and IgE concentration against Schistosoma mansoni soluble 
egg antigens (SEA) and adult worm antigen preparation (SWAP) were evaluated by ELISA assay. Multivariable linear 
regression models were used to evaluate the relationship between parasite-reactive antibodies and the co-variables 
investigated. The study population showed low parasite burden (median 30 eggs/g feces), constant re-infection, and signs 
of fibrosis was detected in more than 30% of individuals. IVlost infected individuals showed IgG reactivity, and the median 
concentrations of IgE anti-SEA and anti-SWAP antibodies were 1,870 and 1,375 ng/mL, respectively. There was no 
association between parasite burden and antibody response or any parameter of disease severity. However, IgG anti-SWAP 
level was positively associated with morbidity parameters, such as spleen size and thickness of portal vein at the entrance 
and secondary branch. In contrast, the data also revealed independent inverse correlations between concentration of 
parasite-reactive IgE and gallbladder wall thickness, a marker of fibrosis in schistosomiasis. 

Conclusions/Significance: The data indicate that IgG anti-SWAP is positively associated with severe schistosomiasis, 
independently of parasite burden, while high production of parasite-specific IgE is associated with mild disease in the 
human population. Antibody profiles are good correlates for schistosomiasis severity and could be tested as biomarkers of 
disease severity. 
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Introduction 

Schistosoma mansoni is the most prevalent species of the Schistosoma 
genus infecting human beings. Infection witli this organism causes 
intestinal and hepatic schistosomiasis in more than 100 million 
individuals that primarily live in sub-Saharan Africa, the 
Caribbean and South American areas, including Brazil [1-3]. In 
endemic areas of Schistosomiasis mansoni, most infected individuals 
are asymptomatic or have mild clinical manifestations. However, 
in a minority of infected individuals, infection with this parasite 
can lead to severe hepatosplenic schistosomiasis, characterized by 



periportal fibrosis, portal hypertension, gastrointestinal bleeding 
and death [3-5]. 

Most of the morbidity related to chronic schistosomiasis is 
associated with hepatic and intestinal granulomatous inflammation 
induced by the parasite eggs that become trapped in these tissues. 
Granulomatous inflammation is dependent on CD4 T cells, 
leading to tissue eosinophUia and the activation of alternatively 
activated macrophages and myofibroblasts, which can increase 
extracellular matrix production and coUagen deposition; this 
inflammation may also cause extensive portal fibrosis and 
obstructive vessel lesions and increase portal pressure [6-10]. 
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Several factors might influence both the development and level of 
morbidity in an exposed population, among them the degree and 
length of exposure, the intensity of the infection, concurrent 

pathologies, host and parasite genetics and nutritional status, 
which have all been associated with disease severity [5] . However, 
because granuloma formation is an immune-mediated process, 
factors that influence the induction and modulation of the immune 
response against parasite egg antigens could also be determinants 
in the progression of severe schistosomiasis. 

In the murine model. Schistosoma egg deposition induces a type-2 
immune response, which is characterized by the production of IL- 
4, IL-5 and IL-13 cytokines that, in addition to IL-10, has been 
associated with the down-modulation of the initial type-1 immune 
response and granuloma formation [10-13]. In experimental 
models, these t\pe-2 cytokines, particularly IL-13, have been 
associated with iibrogencsis and therefore with severe pathology 
[9,14-16]. In humans, the regulation of liver fibrosis during 
schistosomiasis may be even more complex, with multiple 
mediators regulating disease progression. Epidemiologic studies 
have indicated that S. mansoni infected patients presenting with 
severe fibrosis have elevated levels of the chemokine CCL3 
[17,18], tumor necrosis factor (TNF)-alpha, IL-5 and IL-13 [19- 
22] , whereas patients with low levels of fibrosis present with high 
levels of IFN-gamma and IL-10 [19,20]. Association of Th2-biased 
cytokine responses with persistent hepatic fibrosis and its 
persistence after treatment were also identified in S. japonicum 
infected patients from the Philippines [23]. 

In contrast to the amount of knowledge about the role of 
cytokines in granuloma formation and their association with 
disease severity, the participation of antibody responses against 
Schistosoma infection on the progression of clinical disease has been 
poorly investigated. The importance of B ceU and antibody 
responses in the pathology associated with schistosomiasis has been 
suggested from experimental infections of S. mansoni in B ceU- 
deficient mice [24,25]. In human populations, immunoepidemio- 
logic studies have indicated that increased levels of anti- 
schistosome IgE are closely correlated with resistance to re- 
infection and that high levels of anti-schistosome IgG4 are 
correlated with increased susceptibility to the parasite [26,27]. In 
contrast, there are very few chnical studies showing the 
relationship between specific antibody production and schistoso- 
miasis severity. These studies have demonstrated a positive 
association between anti-schistosome IgG responses, particularly 
IgG4, and severe schistosomiasis [28,29]. To better understand the 
role of antibody response in the pathology of schistosomiasis, we 
first quantified IgE concentration and then e\aluated the 
association of parasite (SEA and SWAP)-reactive IgG and IgE 
with the clinical form of the disease, which was defined based on 
chnical and ultrasound examination of S. mansoni-miccled patients 
selected from the endemic area of Corrego do Choro, Padre 
Paraiso city, Minas Gerais. 

Materials and Methods 

Ethical Considerations 

The present study was reviewed and approved by the Ethical 
Committee of Federal University of Minas Gerais, Brazfl (number 
274/05). At the time of data collection, all participants or their 
legal guardians were required to sign an informed consent form. 
Ind(;pcndenfly of participation in the study, patients with 
confirmed S. mansoni infection received specific treatment (a single 
dose of oxamniquine at 15 mg/kg for adults and 20 mg/kg for 
chfldren, since the treatment recommended by Brazilian author- 



ities at the time of the diagnosis), and other diagnosed diseases 
were treated or directed for specialized treatment. 

To obtain S. mansoni antigens used in the experiments mice were 
experimentally infected as detailed in antigen preparation. All 
animal procedures were approved by the animal-care ethics 
committee of the Federal University of Minas Gerais (Protocol 7^ 
158/2008) and were performed under the guideUnes from 
COBEA (Brazilian College of Animal Experimentation) and 
strictiy followed the Brazilian law for "Procedures for the Scientific 
Use of Animals" (11.794/2008). 

Study Population 

The subjects used in this study were selected among S. mansoni- 
infected residents of Jequitinhonha X'alk-)', in the northeast of 
Minas Gerais state (Brazil), an area endemic for schistosomiasis. 
The initial study evaluated 741 inhabitants 5 years of age or older 
from rural communities of Jequitinhonha Valley and revealed a 
prevalence of schistosomiasis of 73'!^i [30]. The study area has no 
reported cases of malaria and the individuals were serologically 
negative to Leishmania infection [30] . 

Data Collection 

The methodology employed for the data coUection has 
previously been described in detail elsewhere [30]. In brief, each 
participant answered a structured questionnaire containing social 
information and clinical history associated with schistosomiasis. At 
the time that the questionnaire was given, a blood sample and 
feces were also coUected. Parasitological confirmation of S. mansoni 
infection was determined based on egg counting of two thick stool 
smears using the Kato-Katz technique [31]. In addition to the 
parasitological examination, each individual was submitted to a 
clinical and abdominal ultrasound examination performed by 
independent experts. The clinical examination included a general 
physical evaluation and treatment history. Abdominal palpation 
was performed with patients in the dorsal decubitus position 
during a deep breath by two experienced physicians. The liver and 
spleen were considered palpable when the Hver and spleen borders 
were felt below the costal margins by both examiners. Abdominal 
ultrasound examinations were performed using a comcntional 
portable diagnostic ultrasound instrument (EUB 200 ultrasound 
unit, Hitachi) with an electronic linear 3.5-MHz transducer 
[30,32]. During the ultrasound examination, the examiner 
measured the liver, spleen and thickness of the portal vein and 
gaUbladder wall [33,34]. The data were then entered into 
databases. 

For the current study, we randomly selected one of the rural 
communities, Corrego do Choro in Padre Paraiso city, from the 
original study. In the community we evaluated aU S. mansoni- 
infected patients that were 14 to 68 years old and had provided 
plasma samples that were kept at — 70°C, totalizing 97 subjects. 
Plasma samples from 8 non-infected donors were also used for IgG 
reactivity controls. For the individuals selected for the current 
study, morbidity was evaluated by clinical aspects and by the 
quantitative method defined by Niamey's protocol (proposed in 
1996 and revised in 2000 [33,34]), involving the ultrasound 
measurements of the diameter and thickness of the portal vein wall 
and their branches and the gallbladder. US-measurements were 
used as continuous values and categorized after height-adjusted by 
the average of the study population. For the categorization it was 
considered: longitudinal spleen size (<120 and Si 20 mm), 
longitudinal measurements of the left (<85 and ^85 mm) and 
right (median <90 and S90 mm) lobes of the liver, the portal vein 
diameter (<11 and Sll mm) and waU thickness (S5 and > 
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5 mm), the thickness of portal vein secondary branches (S4 and > 
4 mm) and gallbladder wall thickness (^3 and >3). 

Schistosoma mansoni Antigens 

To obtain adult worms and eggs for antigen preparation, Swiss 
mice were infected subcutaneously with 1 00 cercariae of S. mansoni 
(LE strain) that had been maintained in the Laboratory of 
Schistosomiasis (ICB/UFMG) by successive passages in Biompha- 
laria glahrata and hamsters (Mesocricetus auratus). 

Adult S. mansoni worms (male and female) were recovered by 
perfusion of the circulatory system of 6-week-infected mice [35], 
washed and suspended in ice-cold phosphate-buffered saline 
(PBS). The recovered worms were snap-frozen in liquid nitrogen 
and ground into a paste as described by Dunne et al. [27]. After 
being thawed, the homogenate was resuspended in PBS containing 
a cocktail of protease inhibitors (Boehringer Mannheim, India- 
napohs, IN, USA) and centrifuged at 10,000 xg for 1 h at 4°C. 

Schistosoma mansoni eggs were recovered from the livers of 6- 
week-infected mice, and the clean egg solution was ground in cold 
PBS to obtain the soluble egg antigen (SEA) [26,27]. The 
homogenate was also centrifuged (10,000 xg for 1 h at 4°C). 
The protein content of the supernatant from each preparation was 
estimated, and each antigen preparation (SEA and SWAP) was 
aliquoted and stored at — 20°C. 

Sepharose Conjugation to SEA and SWAP Antigens 

Sepharose columns (Cyanogen bromide-activated Sepharose 
4B, Sigma, St. Louis, MO, USA) were conjugated with S. mansoni 
SEA or SWAP as described by March et al. [36] . The conjugated 
columns were used to adsorb parasite-reactive antibodies from the 
plasma of S. mansoni-mSected patients. Briefly, the Sepharose was 
extensively washed with 1 mM HCl solution, followed by 3 washes 
with conjugation buffer (0. 1 M sodium bicarbonate, 0.5 M sodium 
chloride, pH 8.3). Each antigen preparation (SEA and SWAP) was 
dialyzed overnight against conjugation buffer and added to the 
washed Sepharose at 5 mg antigen/mL Sepharose. The Sephar- 
ose/ antigen mixture was incubated for 4 h at room temperature, 
followed by 18 h at 4°C under constant and slow agitation. After 
protein conjugation, the Sepharose was washed with conjugation 
buffer and blocked with 1 M ethanolamine (pH 8.0) for 2 h. Next, 
the antigen-conjugated Sepharose was submitted to 6 wash cycles 
alternately using an acidic buffer (0. 1 M acetate containing 0.5 M 
sodium chloride, pH 3^) and basic buffer (0.1 M Tris-HCl 
containing 0.5 M sodium chloride, pH 8-9) and then stored in a 
borate buffer (BBS, 0.1 M boric acid, 0.03 M sodium borate, 
0.14 M sodium chloride, pH 8.3) containing 20% ethanol to 
prevent microbial growth. As a control for non-specific binding of 
plasma protein, we also prepared Sepharose columns with no 
conjugated antigens that were washed and blocked as above. 

Plasma Adsorption to Parasite-conjugated Columns 

Two hundred |J,L each of SEA-Sepharose, SWAP-Sepharose or 
control-Sepharose were transferred to 1.5 mL Eppendorf tubes. 
Plasma samples from each patient were diluted 1:100 in PBS 
buffer, and 400 (i,L of the diluted plasma was added to the 
Eppendorf tube containing SEA-Sepharose, another 400 fJ-L of the 
diluted plasma was added to the SWAP-Sc-pharosc tube and 
400 |iL of the diluted plasma was added to the control-Sepharose 
tube. Tubes containing Sepharose with plasma were vortexed for 
1 min and kept at 4°C for 24 h with occasional agitation. Each 
tube was then centrifuged (5,000 g for 5 min at 4°C), and the 
supernatant was gently collected for quantification of total IgE and 
reactive IgG. At the end of the adsorption process, we obtained a 
sample of SEA-adsorbed plasma, a sample of SWAP-adsorbed 



plasma and a sample of control-adsorbed plasma from each 
patient. 

Schistosoma mansoni-reactlwe IgG 

The presence of IgG reactive against S. mansoni antigens in the 
plasma of each patient was determined by enzyme-linked 
immunosorbent assay (ELISA). Briefly, 96-weU plates (Nunc- 
Maxisorb Nagle Nunc International, Rochester, NY, USA) were 
coated with 100 |J,L/well of 0.1 M carbonate-bicarbonate buffer 
(pH 9.5) containing 10 |Xg of antigen/mL (SEA or SWAP) and 
incubated overnight at 4°C. The plates were blocked for 1 h with 
PBS buffer containing 1% bovine serum albumin (BSA, Sigma). 
After the blocking procedure and between each incubation step, 
the plates were washed 5 times with PBS containing 0.05% Tween 
(Sigma). One hundred microliters per well of diluted plasma from 
each patient was added to the plate and incubated for 1 h at room 
temperature. SWAP- and SEA-adsorbed plasma samples, as well 
as the control-adsorbed plasma samples, from each patient were 
tested. For the ELISA test, plasma samples collected after the 
adsorption procedure were diluted 1:2 in PBS containing 1% 
BSA. To establish the reactivity threshold in plasma of infected 
patients, plasma samples were collei:ted from 8 health volunteers 
with no report of previous infection for schistosomiasis, and the 
absorbance average plus 2 standard deviations from these samples 
were used as a reference. Bound IgG was detected by horseradish 
peroxidase-conjugated goat anti-human IgG (Sigma) diluted 
1:5,000 in PBS, followed by the addition of substrate solution 
(4 mM o-Phenylenediamine (OPD, Sigma) containing hydrogen 
peroxide in 0.05 M phosphate-citrate buffer (pH 5.0). The 
reaction was allowed to proceed for 15 min at room temperature 
and stopped with 4 N H2SO4 (50 jil/weU). The absorbance was 
measured at 492 nm using an automated ELISA reader (Molec- 
ular Devices, Sunnyvale, CA). Each plasma sample was tested in 
duplicate. To evaluate the reproducibility of this assay, 15% of the 
plasma samples were randomly selected to be retested; each 
duplicate received a different number from the original sample. 

Total IgE Quantification 

To quantify the total IgE concentration in the plasma of the 
study population, a commercial kit (Bethyl, Texas, USA) with an 
established protocol from the manufacturer optimized for the 
study conditions was used. Briefly, 96-weU plates (Nunc-Maxisorb) 
were sensitized with 1 |j,g/well of capture antibody for IgE (catalog 
number A80-108A, Bethyl) in carbonate-bicarbonate buffer 
(pH 9.6) for 1 h at 4''C and blocked for 45 min with 200 |xL/ 
well block solution (50 mM Tris-HCl buffer containing 0.14 M 
sodium chloride and 1 % BSA). Between each step, the plates were 
washed 3 times with Tris/NaCl/Tween wash buffer (50 mM Tris- 
HCl buffer containing 0.14 M sodium chloride and 0.05% Tween 
20). S. maavonf-adsorbed plasma (SEA and SWAP) and control- 
adsorbed plasma from each patient was diluted 1:2 in diluent 
solution (50 mM Tris-HCl buffer containing 0.14 M sodium 
chloride, 0.05% Tween 20 and 0.1% BSA), and 100 nL/well was 
added to the plates. Known concentrations of purified human IgE 
(1,000-7.8 ng/mL) were added to each plate to obtain a standard 
curve. Plasma samples and standards were incubated for 1 h at 
room temperature. Immunoglobulin E bound to the plates was 
dct(x tcd by the addition of peroxidase-conjugated anti-human IgE 
(stock 1 mg/mL, catalog number A80-108P, Bethyl) at 1:40,000 
dilution in a diluent solution, followed by the addition of substrate 
solution (4 mg OPD/3 nL H2O2 in 10 mL of citrate buffer, 
pH 5). After 30 min, the reaction was stopped with 100 |iL of 2 N 
sulfuric acid solution, and absorbance was determined using a 
492 nm filter in the ELISA reader (Molecular Devices, EMax). 
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For each patient, the amount of total IgE in control-adsorbed 
plasma, as well as in SEA- and SWAP-adsorbed plasma, was 
quantified in duplicate. The difference between the amount of 
total IgE obtained in the control- and SEA-adsorbed plasma from 
the same patient was considered to be the amount of SEA-specific 
IgE present in the patient. Similarly, the difference between the 
control- and SWAP-adsorbed plasma represented the amount of 
SWAP-specific IgE [37]. 

Statistical Analysis 

Databases were generated using EPI-INFO version 6.04, and 
statistical analyses were performed using STATA version 1 1 .0 
software (Stata Corporation, 2010). Normality tests were deter- 
mined with the Shapiro-Wilk test, and non-parametric variables 
were normalized. Categorical variables were compared using the 
test, means were compared using Student's /-test or analysis of 
variance (ANOVA), and the Kruskal WaUis test was used to 
compare medians. Additionally, Spearman correlation analysis 
was performed for continuous variables. Linear regression analysis 
were used to evaluate the relationship between each immuno- 
globulin (IgE and IgG) reactive to egg (SEA) and adult worm 
(SWAP) antigens of S. mansoni and the co-variables collected 
(social, clinical, ultrasound and parasitological). IgE values were 
transformed into base 10 logarithms. 

Initially, simple linear regression analysis was used to compare 
each immunoglobulin with all of the co-variables collected. 
Variables with p values <0.25 were selected to construct the 
multivariable linear regressions models and US-measurements 
were used only as continuous values for the final model. Moreover, 
variables with low frequency and that showed co-linearity were 
excluded from multivariable analysis. Full models for each 
immunoglobulin were constructed with all of the independent 
variables selected for univariate analysis, and modeling was carried 
out through a backward process. The only variables remaining in 
the model were those that were statistically significant with a 
confidence interval (CI) of 95% and p-value <0.05. Results are 
reported as linear regression parameter estimates, along with 9,5% 
CIs for the effect of independent variables for the immunoglobulin 
of interest. Homoscedasticity of the final models were evaluated. 

Results 

Forty-seven of the 97 individuals were male (48.5%). The ages 
ranged from 14—68 years, and age was equally distributed 
throughout the groups; the mean age was 33.3 years (SD 5.8), 
and the median was 30 years (IQR 26). The evaluated individuals 
weighed on average 52.8 kg (SD 10) and had a mean height of 
157 cm (SD 9.8). At the time of sample collection, the population 
had no access to treated water or sewage treatment, and 32 
individuals (33%) reported previous Schistosoma treatment. Seventy- 
seven individuals (79%) from the study population showed less 
than 1 00 Schistosoma eggs eliminated per g of feces (low parasite 
burden), with a mean of 81.1±163.4 and median of 30 eggs/g 
feces. Among the 97 individuals evaluated in the study, there was 
no association between parasite burden and age, sex or gender 
(Table 1). 

The clinical examination revealed that among the 97 individ- 
uals evaluated, 7 (7.2%) reported previous hematemesis, and 2 had 
collateral veins detected during clinical examination. The spleen of 
9 patients was enlarged, and 4 of them also showed hard 
consistency. Moreover, 50 individuals (51.6%) showed enlarged 
livers, with 10 of them having a hard consistency and 4 individuals 
showing gross irregularities (pseudo-nodules) of the liver surface. 



Table 1. Characteristics of the study population, Corrego do 



Choro, Padre Paraiso, Minas Gerais (n = 97). 




Characteristics Number (%) 


Parasite burden 
Eggs/g feces 
Means ± SD 


p-value 


Sex 


Male 47 (48.5) 


89±148 


0.959 


Female 50(51.5) 


90±189 




Age group (years) 


14-19 27 (27.8) 


137±283 


0.482 


20-29 18 (18.6) 


61 ±107 




30-39 21 (21.7) 


51 ±73 




40-49 14 (14.4) 


96±120 




50-68 17(17.5) 


82 ±83 




S. mansoni treatment 


Yes 32 (33.0) 


88.5±161 


0.967 


No 65 (67.0) 


89.9±171 




doi:l 0.1 371 /journal.pone.0a88042.t001 



The measurements of the spleen and left and right liver lobes 
sizes and the diameters and thickness of the portal vein and 
gallbladder wall thickness obtained by ultrasound evaluation are 
presented in Table 2. After categorizing the ultrasound measure- 
ments to evaluate Schistosoma-rdated morbidity, only 5 individuals 
showed spleen sizes larger than 120 mm, and 4 had right liver 
lobes that were reduced in size. However, at least 30% of the study 
population showed some signal of fibrosis, such as thickening of 
the portal vein and gallbladder wall (Table 2). Notably, there was 
no association between parasite burden and the parameters of 
parasite morbidity that were evaluated (Table 2). 

Of the total 97 patients that were clinically evaluated, 91 
individuals had plasma samples that were tested for IgG reactivity, 
and only 80 individuals had sufficient plasma volumes to perform 
the adsorption and measurement of IgE. Among these individuals, 
the average level of anti-SEA IgG was 0.988±0.401, and the level 
of anti-SWAP IgG was 0.945±0.370. Based on the cut-oflF 
estabhshed from the non-infected individuals, 73 S. mansoni- 
infected individuals showed elevated levels of anti-SEA IgG, and 
80 had elevated anti-SWAP IgG (Fig. lA). The adsorption of each 
plasma sample against SEA-conjugated Sepharose abohshed the 
low IgE readings and resulted in significant reductions in IgG 
reactivity, from 0.988 to 0.463, the reactivity level of non-infected 
individuals. Similarly, plasma samples adsorbed against SWAP- 
conjugated Sepharose also showed IgG reactivity at the level of 
non-infected individuals (0.443), indicating that most of the 
parasite-reactive antibodies were removed from plasma. The 
adsorption of parasite-reactive antibodies allowed us to estimate 
the concentration of total IgE and SEA-reactive IgE or SWAP- 
reactive IgE in the plasma of S. mansoni-inkcted individuals. The 
median total IgE in this population was 4,140 ng/mL, and the 
median concentration of IgE anti-SEA and anti-SWAP was 1,870 
and 1,375 iig/mL, respectively (Fig. IB). In the population 
evaluated in this study there was no association between 
parasite-reactive IgG or IgE anti-SEA and parasite burden 
(Fig. IC and ID). Similar results were also observed with 
antibodies against SWAP antigens (data not showed). 

Production of parasite-reactive antibodies was also associated 
with different demographic and social aspects and a negative 
correlation between IgG anti-SEA levels and age (r=— 0.2248; 
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Table 2. Parasite burden and ultrasound measurements of spleen, 
Corrego do Choro, Padre Parai'so, Minas Gerais (n = 97). 


liver, portal vein 


and gallbladder of Individuals evaluated from 




Organ evaluated - size in mm 


Size (mm) 
Mean ± SD 


N (%) 


Parasite burden Eggs/g 
feces Means ± SD 


p-value 


Spleen - Longitudinal size 


84.6±26.7 






0.280 


<119 




92 (94.8) 


85.1 ±168.0 




2:120 




5 (5.2) 


169.5 + 197.0 




Liver - Longitudinal left lobes 


97.0±18.5 






0.458 


<84 




27 (27.8) 


68.5±81.6 




>85 




70 (72.2) 


97.6 ±192.9 




Liver - Longitudinal right lobes 


119.6±17.8 






0.957 


<90 




4 (4.17) 


82.5±41.1 




2:90 




92 (95.83) 


87.1 ±171.9 




Thickness of the portal vein wall 


5.3±2.0 






0.481 


<5 




57 (58.7) 


106.6 ±207 




>5 




40 (41.3) 


65.2±89.1 




Diameter of portal vein 


9.6 ±2.2 






0.238 


<11 




65 (67.0) 


74.2±168.9 




2:11 




32 (33.0) 


120.5±169.2 




Thickness of wall of portal vein Secondary branches 


4.14±1.17 






0.488 


£4 




65 (68.4) 


83.0± 191.0 




>4 




30 (31.6) 


109.3±116.0 




Gallbladder - Thickness of wall 


3.5±1.1 






0.259 


<3 




57 (59.4) 


106.6±207.4 




>3 




39 (40.6) 


66.5 ±89.6 





doi:l 0.1 371 /journal.pone.0088042.t002 



p = 0.032) was observed (Fig. 2A). Individuals who reported 
frequent contact with natural sources of water (n= 75) had total 
IgE concentrations and levels of IgG anti-SEA that were 
significantiy higher than the others. There was no association 
between IgG response (SEA or SWAP) and schistosome treatment. 
In contrast, infected individuals who had received treatment 
against Schistosoma infection (n = 30) showed a significant decrease 
in IgE response (Fig. 2B). 

To investigate whether the antibody response was related to 
schistosomiasis morbidity, the concentration of parasite-reactive 
IgE or the level of IgG reactivity was associated with clinical and 
ultrasound parameters of disease. The level of IgG anti-SWAP was 
significantly higher in patients with livers of hard consistencies and 
gross irregularities on the liver surface. Moreover, increases in the 
size of the left lobe of the liver, as defined by clinical examination, 
were positively correlated with the level of IgG anti-SEA but not 
with IgG anti-SWAP, while individuals that had palpable spleens 
during clinical examinations showed higher levels of IgG anti- 
SWAP (data not shown). In contrast, there was no association 
between the concentration of IgE reactive against SEA or SWAP 
with any of the clinical parameters evaluated. 

Liver size as determined by ultrasound examination showed no 
association with the level of IgG anti-SWAP or anti-SEA, but there 
was a positive association between the level of IgG anti-SWAP and 
the size of the spleen (Fig. 3 A and 3B). There was no association 
between IgE concentration and liver or spleen size. 

Fibrosis induced by S. mansoni infection was evaluated by 
ultrasound by measuring the portal vein diameter and thickness at 
its entrance into the porta hepatis and its bifurcation inside the liver, 
as well as the thickness gallbladder wall. The association between 



these disease parameters and antibody production was also 
estimated. A positive association was observed between IgG anti- 
SWAP and the diameter and thickness of the portal vein at the 
entrance and its bifurcation (Fig. 3C, 3D, and 3E), but there was 
no significant association IgG and thickness gallbladder (Fig. 3F). 
In contrast, the concentrations of IgE anti-SEA and anti-SWAP 
were negatively correlated with gallbladder thickness (Fig. 4). 

Multlvariable Linear Regression Models 

Tables 3 and 4 show the final adjusted linear regression models 
that describe the effect of clinical, demographic and ultrasound 
parameters of parasite-specific IgG and IgE production. The 
analysis showed that parasite reactive (SEA and SWAP)-IgE 
concentration was inversely associated with thickness of gallblad- 
der wall and with Schistosoma treatment (Table 3). Age was 
negatively associated with the level of IgG anti-SEA, while the 
thickness of portal vein wall at its entrance and its bifurcation 
inside the liver and spleen size measured by ultrasound were 
positively associated with the level of IgG anti-SWAP (Table 4). 

Discussion 

This cross-sectional study evaluated the possible association 
between antibody production, IgG and IgE, and schistosomiasis in 
a naturally infected population. The major findings of the present 
study can be summarized as follows: i) A human population 
exposed to low S. mansoni burden and frequent re-infection can 
develop high level of morbidity, especially fibrosis, ii) Among the 
infected individuals, there was no association between parasite 
burden and antibody response or disease severity, iii) There was a 
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Figure 1. Parasite-reactive antibody in plasma of the evaluated individuals and its association with parasite burden. (A) Level of IgG 
anti-SEA and anti-SWAP antigens estimated by ELISA assay in plasma samples from Sch/sfosomo-infected and uninfected controls. (B) Concentration 
of total IgE and parasite-reactive, SEA and SWAP, IgE in plasma samples of Scft/sfosomo-infected individuals indirectly estimated by ELISA assay in 
samples before and after been submitted to antigen-specific adsorption. Correlation analyses between parasite burden, estimated by the number of 
eggs of S. mansoni eliminated in the host feces and production of IgG anti-SEA antigens (C) and IgE anti-SEA antigens (D). Spearman correlation 
coefficients and p-values, are shown for each graph. 
doi:1 0.1 371/journal.pone.0088042.g001 
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Figure 2. Association between parasite-reactive antibody production and host age (A) and schistosomiasis treatment (B). 

Demographic and social information were obtained from the questionnaire, and antibody levels were estimated by ELISA. There was an inverse 
correlation between host age and IgG anti-SEA levels, as shown by Spearman analysis (A). The concentration of parasite-specific IgE was significantly 
lower (Mann-Whitney test) in individuals that had received previous Schistosoma treatment and were re-infected (B). Antibody levels showed no 
association with other demographic and social factors evaluated. 
doi:l 0.1 371/journal.pone.0088042.g002 
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Figure 3. Association between level of anti-SWAP IgG and schistosomiasis-related morbidity. (A) Parasite-reactive IgG levels were 
associated withi longitudinal spleen size, categorized as <120 or >120 mm, as analyzed by Mann-Whiitney test. Correlation analyses were performed 
on tiie absorbance of anti-SWAP IgG levels by ELISA and the following morbidity parameters: longitudinal spleen size (B), diameter of the portal vein 
(C), thickness of the portal vein at its entrance into the porta hepatis (D) and its bifurcation inside the liver (E), and the thickness of gallbladder wall (F) 
determined by ultrasound evaluation. Spearman correlation coefficients and p-values are shown for each graph. 
doi:1 0.1 371/journal.pone.0088042.g003 



positive association between parasite-reactive IgG (mainly anti- 
SWAP) level and both spleen size and portal vein thickness, iv) 
The data also revealed inverse correlations between the concen- 



tration of parasite-reactive IgE and gallbladder wall thickness, an 
important marker of fibrosis in schistosomiasis. 
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Figure 4. Association between parasite-reactive IgE and scKiistosomiasis-reiated morbidity. Correlation analyses were performed on the 
concentration of anti-SEA IgE (A) or anti-SWAP IgE (B) and the thickness of the gallbladder determined by ultrasound evaluation. Spearman 
correlation coefficients and p-values are shown for each graph. 
doi:1 0.1 371 /journal.pone.0088042.g004 



In the present work, we quantified for tlie first time in a human 
population the concentration of IgE against schistosome antigens 
without interference from other isotypes, such as IgG4. The 
procedure is essential to evaluate the real role of IgE in the 
infection, since B cells can switch sequentially from an IgG4- 
producing B cell into an IgE-producing B cell. Therefore, high 
IgG4 production, which may be more than 100-fold higher than 
IgE antibodies, can interfere with the detection of parasite-specific 
IgE [38]. In the serum of Schistosoma-infected patients, Rihet 
et al. [39] demonstrated that more than 90% of parasite-specific 
IgE is inhibited by IgG4, when measurements are performed by 
specific IgE ELISA. Therefore, the measurement of parasite- 
reactive IgE directly by an ELISA assay would underestimate the 
true amount of the antibody and compromise the evaluation of the 
role of IgE in protection or disease induction. In contrast to IgE, 
IgG is the predominant immunoglobulin class in plasma, and 
there is no experimental evidence of inhibition of parasite-reactive 
IgG antibody by any other immunoglobulin class [39], indicating 
that the use of a direct ELISA to estimate IgG reactivity levels 
against parasite antigens is appropriate. 

The individuals evaluated in this study had a homogeneous 
gender and age group distribution, and no association between 
gender, age group and parasite burden was observed. Although 
most population analyses performed in high endemic areas for 
Schistosoma infection have shown an inverse correlation between 
host age and parasite burden [40,41,42], the individuals analyzed 
in the current study showed no such association. However, it is 
important to mention that we selected infected individuals ranging 



from 14 to 68 years old to avoid including the highly susceptible 
younger population and the highly resistant older ones. Another 
important characteristic of the study population was the low 
parasite burden, which was characterized by a median of 30 eggs 
per g of feces as quantified by the Kato-Katz technique. Likely, 
due to the low parasite burden detected in the individuals 
evaluated in the current study, there was also no association 
between parasite burden and disease severity. Most previous 
studies have shown that parasite burden is one of the most 
important factors in the development of severe schistosomiasis 
[4,5,40,43,44]; however, this association was reported in areas of 
high intensity of parasite infection. In S. mansoni hyperendemic 
areas, Bina and Prata [4] demonstrated a strong association 
between parasite burden and severe pathology in patients 
eliminating over than 1,000 eggs/g feces. In contrast, other 
authors [5,45] have also reported severe forms of schistosomiasis in 
patients with low parasite burdens, demonstrating that parasite 
burden is not the only determining factor for disease progression. 
Endemic areas of S. mansoni with low parasite burdens and no 
association between parasite burden and disease severity, such as 
the area evaluated in the present study, offer a unique opportunity 
to evaluate the effect of the immune response on disease severity 
independently of infection intensity. More importantly, even with 
low parasite burdens, more than 30% of the individuals evaluated 
in this study had some measureable level of fibrosis, as shown in 
Table 2. 

Regardless of the antibody response to this disease, most of the 
studies on Schistosovia-vaitcleA populations have reported that anti- 



Table 3. Anti-SEA and anti-SWAP IgE models for schistosomiasis patients, IVlinas Gerais. 







Anti-SEA IgE 










Anti-SWAP IgE 






Variables p 


SE 


95% CI 




P 


P SE 


95% CI 


P 


Sc/)/sto5omo-Treated -0.389 


0.156 


-0.699- 


-0.079 


0.014 


-0.359 0.149 


-0.655- - 
0.060 


0.019 


Thickness of gallbladder wall -0.200 


0.070 


-0.338- 


-0.059 


0.006 


-0.219 0.067 


-0.354- - 
0.085 


0.002 





P, coefficient estimates; SE, standard error. 
doi:l 0.1 371/journal.pone.0088042.t003 
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Table 4. Anti-SEA and anti-SWAP IgG models for schistosomiasis patients, IVlinas Gerais. 







Antl-SEA IgG 






Anti-SWAP IgG 






Variables 


P SE 


95% CI 


P 


P SE 


95% CI 


P 



Age -0.006 0.003 -0.010 - 0.001 0.028 



Thickness of portal vein wall 


0.059 


0.022 


0.014-0.105 


0.010 


Thickness of wall at 


0.027 


0.013 


0.001-0.052 


0.040 


secondary branch 











Spleen size (Ultrasound) 0.004 0.001 0.002-0.0.001 0.000 



P, coefficient estimates; SE, standard error. 
doi:1 0.1 371 /journa!.pone.0088042.t004 



Schistosoma IgG4 levels in infected children are associated with 
higher parasite burdens and parasite susceptibility [26,43,46,47]. 
In the current study, there was no association between parasite- 
reactive IgG and age group or parasite burden of the infected 
individuals, and this finding could be a consequence of the low 
parasite burden in the study population. However, a negative 
correlation between anti-SEA IgG and age was identified, and this 
association was confirmed in the multivariable linear regression 
model. 

In contrast to IgG, data from endemic areas of schistosomiasis 
have shown that the reactivity of anti-SWAP IgE increases with 
age [47,48], but there have been no associations between IgE 
reactivity and the intensity of infection with S. mansoni [48]. 
Similarly, we also did not find an association between IgE 
production and parasite burden. Although the association between 
schistosome-specific IgE and parasite burden is not always found 
in endemic areas, high levels of schistosome-specific IgE have been 
frequently associated with protection against re-infection 
[26,27,49-52]. In highly endemic areas, the positive association 
of schistosome-specific IgE and 0023"*" B cells with resistance to S. 
mansoni can be detected even in children [53]. Notably, we 
evaluated only infected individuals with low parasite burdens, and 
individuals who reported previous Schistosoma treatment had 
significantly lower levels of IgE, independentiy of age, sex or 
parasite burden. These data are suggestive of a protective role for 
IgE in the study population. 

Recent data from a large casuistic study in an S. mansoni- 
endemic area of Bahia, Brazil, also showed no significant 
difference in the levels of &/z£riojoma-specific IgE between 
individuals with different parasite burdens, but the authors found 
that levels of anti-adult worm IgG4 and IgE/IgG4 ratios were 
inversely associated with S. mansoni parasite burden [54]. A 
significant negative association between the ratio of IgE/IgG4 and 
infection intensity was also detected in younger (5-18 years old) 
Zimbabweans in an S. haematobium-endemic area [55]. These data 
indicated that resistance against Schistosoma infection could be 
related to the IgE/IgG4 balance rather than the level of 
production of a single isotype. 

Although there have been many epidemiological studies 
correlating antibody production with host susceptibility/ resistance 
during Schistosoma infection, there have been very few studies 
showing the relationship between specific antibody production and 
parameters of disease severity. Using ultrasound measurements to 
categorize patients infected with S. mansoni, Tawfeek et al. [56] 
reported a significantly higher serum level of anti-SEA IgG4 in 
patients with periportal fibrosis and portal hypertension. A cross- 
sectional survey conducted in individuals of S. mansoni-endemic 
areas also showed that levels of anti-SEA IgG4 were significantly 
higher in sera from patients with fibrosis as detected by 



ultrasonography compared with other patients [28]. Similarly, 
Bonnard et al. [29] reported that higher levels of IgG4 and IgA 
against SEA antigens were found in patients with severe 
schistosomiasis. Moreover, the authors [28,29] also showed no 
association between IgE responsiveness measured by direct ELISA 
against SEA antigens and disease severity. We demonstrated that 
IgG responsiveness to the S. mansoni antigens, SEA and SWAP, is 
also positively associated with severe forms of schistosomiasis, 
defined by clinical examination and by ultrasound measurement. 
Specifically, we identified an independent positive association 
between levels of anti-SWAP IgG and portal hypertension and 
fibrosis markers, such as thickness of the portal vein at its entrance 
into the porta hepatis and its bifurcation inside the liver and spleen 
size measured by ultrasound. Unsurprisingly, parasite-reactive IgG 
was also associated with disease because IgG4 recognizing SEA 
and SWAP antigens represent the most prevalent IgG isotype in 
Schistosoma-infected patients [29]. 

The association of IgG4 with severe forms of schistosomiasis has 
been justified by the increased susceptibility of the host to infection 
with the parasite; this finding indicates that an excess of IgG4 
would block the protective effect of IgE, favoring parasite 
establishment and increasing egg deposition into host tissue and 
the progression to severe forms of the disease [26,57,58]. 
However, the positive association between IgG levels and disease 
in this study was independent of parasite burden, indicating that 
high infection intensity does not justify the more severe pathology 
found in individuals with strong IgG responses. Interestingly, 
Silveira et al. [28] described a positive association between anti- 
SEA IgG4 and fibrosis in individuals from endemic areas of 
schistosomiasis who were not excreting parasite eggs at the time of 
the examination, suggesting that IgG4 was associated with fibrosis 
rather than parasite burden. 

Recent experimental work in mice [59] has demonstrated that 
blockage of IE- 10 activity combined with PZQ treatment resulted 
in significant increases in the immune response and reductions in 
parasite burden during S. mansoni reinfection, associating IE- 10 
production with reinfection susceptibility. Interestingly, IE- 10 is 
presumably needed to drive the differentiation of IgG4-switched B 
cells to IgG4-secreting plasma cells [60]. Moreover, MeUer et al. 
[61] demonstrated that regulatory T cells directiy influence B cells. 
Regulatory T cell subsets lowered the frequency of IgE-secreting 
cells and simultaneously augmented the IgG4-secreting plasma cell 
frequency. Therefore, we propose that individuals with high levels 
of reactive IgG4 and low IgE are more susceptible to frequent 
reinfection that would favor more severe schistosomiasis, even in 
states of low parasite burden. This hypothesis also suggests a more 
complex role for IE- 1 0 in Schistosoma pathology, with IE- 1 0 acting 
as an anti-inflammatory factor during granuloma formation in the 
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liver [20,62,63] and as a modulator of the protective mechanism 
against re-infection [59]. 

Our data also showed, for the first time, an independent inverse 
correlation between anti-SEA and anti-SWAP IgE and the wall 
thickness of gallbladder, an important marker of fibrosis [8,30,34], 
suggesting a direct role for IgE in the modulation of granuloma 
formation. In an experimental model, a modulatory role for Ig/ 
FcR signaling in &totomfl-induced liver pathology was previously 
demonstrated by exacerbated hepatic granuloma formation and 
fibrosis detected in B cell-deficient mice, mice lacking the common 
FcRy [:hain and mice deficient in FcsRI, the high-affmity receptor 
for IgE [24,25,64,65]. In all the deficient mice mentioned, the 
authors reported severe schistosomiasis with similar patterns that 
were not related to parasite burden, differences in the T cell 
compartment or type-2 activation. These data suggest the possible 
participation of IgE/FcsRI and/or IgG-immune complexes/ 
FcyRIII in triggering the production of anti-inflammatory 
mediators from FcR^ cells, such as FcR-bearing macrophages, 
DCs, B cells, basophils, mast cells and neutrophils. IG-FcyR 
activation could inhibit granuloma formation by generating the 
production of immunoinhibitory molecules, such as IL-10, 
prostaglandins and histamine, secreted by one or more of these 
types of cells [66] . More recently, experimental data [25] have 
indicated that during chronic S. mansoni infection, alternatively 
activated macrophages in the liver bind to immune complexes via 
FcRs and assume regulatory/ anti-inflammatory roles. In the 
human population, a possible role for immune-complexes in 
granuloma formation/modulation was also suggested by experi- 
mental work that demonstrated that circulating immune com- 
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In summary, the current work demonstrated that parasite- 
reactive IgG levels are associated with signals of disease severity 
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indicate an important role for antibodies in granuloma modula- 
tion, and consequently correlating with schistosomiasis severity. 

Supporting Information 

Checklist SI STROBE Statement-Checklist of items 
included in reports of cross-sectional studies. 

(DOCX) 

Author Contributions 

Conceived and designed the experiments: DNC MC MMT. Performed the 
experiments: JFF DNC JRL. Analyzed the data: DNC JFF MMT JRL 

CMdFA MC. Contributed reagcnts/materials/analysis tools: DNC MMT 
JRL CMdFA MC. Wrote the paper: DNC MMT JRL CMdFA MC. 



16. Ramalingam TR, Pescc JT, Sheikh E, Cheever AW, MenUnk-Kane MM, et al. 
(2008) Unique functions of the type II interleukin 4 receptor identified in mice 
lacking the interleukin 13 receptor alphal chain. Nat Immunol 9: 25-33. 

1 7. Falcao PL, Correa-Oliveira R, Fraga LA, Talvani A, Proudfoot AE, et al. (2002) 
Plasma concentrations and role of macrophage inflammatory protein- 1 alpha 
during chronic Schistosoma mansoni infection in humans. J Infect Dis 186: 
1696-700. 

18. Souza ,AL, Roffe E, Pinho V, Souza DC, Silva AE, et al. (2005) Potential role of 
the ehemokine macrophage inflammatory protein- 1 alpha in human and 
experimental schistosomiasis. Infect Immtin 73: 2515-223. 

19. Henri S, CJheviUard C, Mergani ,\, Paris P, CJaudarl J, el al. :2ll()2; Cytokine 
regulation of periportal fibrosis in humans infected with Schistosoma mansoni: IFN- 
gamma is associated with protection against fibrosis and TNF-alpha with 
aggravation of disease. J Immunol 169: 929-936. 

20. Booth M, MwadiaJK, Joseph S, Jones FM, Kadzo H, et al. (2004) Periportal 
fibrosis in human Schistosoma mansoni infection is associated with low IL-10, low 
IFN-gamma, high TNF-alpha, or low RANTES, depending on age and gender. 
J Immunol 172: 129.")-1303. 

21. Alves Oliveira EE, Aforeno EC, GazzineUi (i, Martins-Eilho 0.\, Silveira AM, et 
al. (2006) Cytokine production associated with periportal fibrosis during chronic 
Schistosomiasis mansoni in humans. Infect Immun 74: 1215-1221. 

22. de Jesus AR, Magalhaes A, Miranda DG, Miranda RG, .Araiijo .\11. el 20(1 1) 
Association of type 2 cytokines with hepatic fibrosis in human Schistosoma man.^iini 
infection. Infect Immun 72: 3391-3397. 

23. Coutinho HM, Acosta LP, Wu HW, McGarvey ST, Su L, et al. (2007) Th2 
cytokines are associated with persistent hepatic fibrosis in human Schistosoma 
japonicum infection. J Infect Dis 195: 288-295. 

24. Jankovic D, Cheever AW, KuUberg MC, Wynn TA, Yap G, et al. (1998). CD4-I- 
T cell-mediated granulomatous pathology in schistosomiasis is downregulated by 
a B cell-dependent mechanism requiring Fe receptor signaling. J Exp Med. 187: 
619-629. 

25. Fairfax KC, Amiel E, King IL, Freitas TC, Mohrs M, ct al. (2012) IL-IOR 
blockade during chronic schistosomiasis mansoni results in the loss of B cells 
from the liver and the development of severe pulmonary disease. PLoS Pathog 8: 
el002490. doi: 10.1371/joumal.ppat.l002490. 

26. Hagan P, Blumentiial UJ, Dunn D, Simpson AJG, WUkins HA (1991) Human 
IgE, IgG4 and resistance to reinfection with Schistosoma hamrntobium. Nature 349: 
243-245. 

27. Dunne DW, Butterworth AE, Fulford AJ, Kariuki HC, Langley JG, et al. (1992) 
Immunity after treatment of human schistosomiasis: association between IgE 
antibodies to adult worm antigens and resistance to reinfection. Eur J Immunol 
22: 1483-1494. 



PLOS ONE I www.plosone.org 



10 



February 2014 | Volume 9 | Issue 2 | e88042 



Antibody Response and Schistosoma Morbidity 



28. Silveira AM, BcthonyJ, Gazzinclli A, Kloos H, Fraga L.\, ct al. (2002) High 
levels IgG4 to Schistosoma mansoni egg antigen in individuals with pcri];)ortal 
fibrosis. Am J Trop Med Hyg 66: 542-549. 

29. Bonnard P, Remoue F, Schacht AM, DeufEc-Burban S, Dompnicr JP, ct al. 
(2004) Specific isotype immune response in the diagnosis of human 
schistosomiasis pathology. Am J Trop Med Hyg 71: 202-205. 

30. Lambrrtucci JR, Cota GF. Pinto-Silva RA, Scrufo JC, Gcrspachcr-Lara R, et al. 
(2001) Hrpatosplcnic schistosomiasis in field-based studies: a combined clinical 
and sonographic dclinilion. Mem Inst Oswaldo Cruz 96: 147-1.50. 

31. Katz N, Gha\'rs A, Prllcgrincj J. ;1972i A simple device for c^uantitative stool 
thick smears technique in Schistosoma mansoni. Rev Inst Med Trop Sao Paulo 14: 
397-^00. 

32. Homeida M, Ahmed S, Dafalla A, Suliman S, Eltom I, et al. (1988) Morbidity 
associated with Schistosoma mansoni infection as determined by ultrasound: a study 
in Gezira, Sudan. Am J Trop Med Hyg ,39: 196-201. 

33. RichterJ, Hatz C, Gampagnr Bergc^uist NR, Jenkins JM (2000) Ultrasound 
in schistosomiasis: a praelical guide lo the standarelizcd use of ultrasonography 
for the assessment of schistosomiasis-related morbidity. WHO: TDR/STR/ 
SCH/00.1 Available: http://whqHbdoc.who.int/hq/2000/TDR_STR_SCH_ 
OO.l.pdf. 

34. RichterJ, Domingues AL, Barata CH, Prata AR, LambertucciJR (2001) Report 
of the second satellite symposium on ultrasound in schistosomiasis. Mem Inst 
Oswaldo Cruz 96: 151-156. 

35. PeUegrino J, Siqueira AF (1956) Tccnica do perfusao para colheita de Schistosoma 
mansoni em cobaias cxperimentalmente infectadas. Rev Bras Malariol Doen^as 
Trop 8: 585-597. 

36. March SC, Parikh I, Cuatrecasas P (1974) A simplified method for cyanogen 
bromide activation of agarose for affinity chromatography. Anal Biochem 60: 
149-52. 

37. Negrao-Corrga D, Adams LS, Bell RG (1999) Variability of the intestinal 
immunoglobulin E response of rats to infection with Trichinella spiralis^ 
Heligmosomoides poly gyrus or .Nippostrongylus brasiliensis. Parasite Immunol 21: 287— 
297. 

38. Aalberse RC, Stapel SO, SchuurmanJ, Rispens T (2009) ImmunoglobuHn G4: 
an odd antibody. Clin Exp Allergy 39: 469-477. doi: 10.1 1 1 1/j. 1365- 
2222.2009.03207.x. Review. 

39. Rihet P, Demeure CE, Dessein AJ, Bourgois A (1992) Strong scrum inhibition of 
specific IgE correlated to competing IgG4, revealed by a new methodology in 
subjects from a S. mansoni endemic area. Eur J Immunol 22: 2063—2070. 

40. Mohamed-Ali Q, Elwali NE, Abdelhameed AA, Mergani A, Rahoud S, et al. 
(1999) Susceptibility to periportal (Symmers) fibrosis in human Schistosoma mansoni 
infections: evidence that intensity and duration of infection, gender, and 
inherited factors are critical in disease progression. J Infect Dis 180: 1298-306. 

41. Kabatereine NB, Vennervald BJ, OumaJH, KemijumbiJ, Butterworth AE, et 
al. ( 1 999) Adult resistance to Schistosomiasis mansoni: age -dependence of 
reinfection remains constant in communities with diverse exposure patterns. 
Parasitology 118: 101-105. 

42. Pohnan K, Stelma FF, Le Cessie S, De Vlas SJ, Falcao Ferreira ST, et al. (2002) 
Evaluation of the patterns of Schistosoma mansoni infection and re-infection in 
Senegal, from faecal egg counts and serum concentrations of circulating anodic 
antigen. Ann Trop Med Parasitol 96: 679-689. 

43. Naus CW, Kimani G, Ouma JH, Fulford AJ, Webster M, et al. (1999) 
Development of antibody isotype responses to Schistosoma mansoni in an 
immunologically naive immigrant population: influence of infection duration, 
infection intensity, and host age. Infect Immun 67: 3444—3451. 

44. Vennervald BJ, Dunne DW (2004) Morbidity in schistosomiasis: an update. Curr 
Opin Infect Dis 17: 439-447. 

45. Andrade ZA (2008) Schistosomiasis and hepatic fibrosis regression. Acta Trop 
2008 108: 79-82. 

46. Grogan JL, Kremsner PG, van Dam GJ, Metzger W, Mordmiiller B, et al. 
(1996) Antischistosome IgG4 and IgE responses are aifected dilferentially by 
chemotherapy in children versus adults. J Inleet Dis 173: 1242—1247. 

47. Naus CW, Booth M, Jones FM, KemijumbiJ, Vennervald BJ, et al. (2003) The 
relationship between age, sex, egg-count and specific antibody responses against 
Schistosoma mansoni antigens in a Ugandan fishing community. Trop Med Int 
Health 8: 561-568. 

48. Webster M, Fallon PG, Fulford AJC, Butterworth AE, OumaJH, et al. (1997) 
Effect of praziquantel and oxamniquine treatment on human isotype responses 



to Schistosoma mansoni: elevated IgE to adult worm. Parasite Immunol 19: 333- 
335. 

49. Rihet P, Demeure CE, Bourgois A, Prata A, Dessein AJ (1991) Evidence for an 
association between human resistance to Schistosoma mansoni and high anti-larval 
IgE levels. Eur J Immunol. 21: 2679-2686. 

50. Dunne DW, Butterworth AE, Fulford AJ, Ouma JH, Sturrock RF (1992) 
Human IgE responses to Schistosoma mansoni and resistance to reinfection. Mem 
Inst Oswaldo Cruz 87: 99 103. 

51. Caldas IR, Ciorrea-Olix eira R, Colosimo E, Carvalho OS, Massara C.L, et al. 
(2000) Susceptibility and resistance to Schistosoma mansoni reinfection: parallel 
cellular and isotypic immunologic assessment. AmJ Trop Med Hyg 62: 57—64. 

52. Walter K, Fulford AJ, McBcath R, Joseph S, Jones FM, et al. (2006) Increased 
human IgE induced by killing Schistosoma mansoni in vivo is associated with 
pretreatment Th2 cytokine responsiveness to worm antigens. J Immunol 177: 
5490-5498. 

53. Black CL, Muok EM, Mwinzi PN, Carter JM, Karanja DM, et al. (2010) 
Increases in levels of sehistosome-specific immunoglobulin E and (.^D23(+) B 
cells in a cohort of Kenyan children undergoing repeated treatment and 
reinfection with Schistosoma mansoni. J Infect Dis 202: 399—405. 

54. Figueiredo JP, Oliveira RR, Cardoso LS, Barnes KC, Grant AV, et al. (2012) 
Adult worm-specific IgE/IgG4 balance is associated with low infection levels of 
Schistosoma mansoni in an endemic area. Parasite Immunol 34: 604—610. doi: 
10.1111/pim.l2001. 

55. Mutapi F, Bourke C, Harcus Y, Midzi N, Mduluza T, et al. (201 1) Differential 
recognition patterns of Schistosoma haematobium adult worm antigens by the 
human antibodies IgA, IgE, IgGl and lgG4. Parasite Immunol 33: 181-92. 

56. Tawfeek GM, Alafifi AM, Azmy MF (2003) Immunological indicators of 
morbidity in human schistosomiasis mansoni: role of vascular endothelial growth 
factor and anti-soluble egg antigen IgG4 in disease progression. J Egypt Soc 
Parasitol 33: 597-614. 

57. Jiz M, Friedman JF, Leenstra T, Jarilla B, Pablo A, et al. (2009) Immunoglobulin 
E (IgE) responses to paramyosin predict resistance to reinfection with Schistosoma 
japonicum and are attenuated by lg(i4. Infect Immun 77: 2051-2058. 

58. Oliveira RR, Figueiredo J P, Cardoso LS, Jabar RL, Souza RP, et al. (2012) 
Factors associated with resistance to Schistosoma mansoni infection in an endemic 
area of Bahia, Brazil. AmJ Trop Med Hyg 86: 296-305. 

59. Wilson MS, Cheever AW, White SD, Thompson RW, Wynn TA (201 1) IL-10 
blocks the development of resistance to re-infection with Schistosoma mansoni. 
PLoS Pathog 7: el002171. 

60. Satoguina JS, Weyand E, LarbiJ, Hoerauf A (2005) T regulatory-1 cells induce 
IgG4 production by B cells: role of IL-10. J Immunol 174: 4718-4726. 

61. Meiler F, Klunkcr S, Zimmermann M, .\kdis CA, Akdis M (2008) Distinct 
re^gulation of IgE, IgG4 and IgA by T regulatory cells and toll-like receptors. 
Allergy 63: 1455-63. 

62. Wynn TA, Cheever AW, Williams ME, Hieny S, Caspar P, et al. (1998) IL-10 
regulates liver pathology in acute murine Schistosomiasis mansoni but is not 
required for immune down-modulation of chronic disease. J Immunol 160: 
4473—4480. 

63. Herbert DR, Orekov T, Perkins C, Finkelman FD (2008) IL-10 and TGF-beta 

redundantly protect against severe liver injury and mortality during acute 
schistosomiasis. J Immunol 181: 7214—7220. 

64. King CL, Xianii 1, Malhotra S, Liu A, Mahmoud A. et al. (1997) Mice with a 
targeted deletion of the IgE gene have increased worm burdens and reduced 
granulomatous inflammation following primary infection with Schistosoma 
mansoni.] Immunol 158: 294—300. 

65. Jankovic D, KuUbergMC, Dombrowicz D, Barbieri S, Caspar P, et al. (1997) Fc 
epsilonRI-deficient mice infected with Schistosoma mEuisoni mount normal 
Th2-type responses while displaying enhanced liver pathology. J Immunol 159: 
1868-1875. 

66. Stavitsky AB (2004) Regulation of granulomatous inflammation in experimental 
models of Schistosomiasis. Infect Immun 72: 1-12. 

67. Rezende SA, LambertucciJR, Goes AM (1997). Role of immune complexes 
from patients with different clinical forms of schistosomiasis in the modulation of 
in vitro granuloma research. Mem Inst Oswaldo Cruz. 92: 683—687. 

68. Weinstock JV, Chcnsue SW, Boros DL (1983). Modulation of granulomatous 
hypersensitivity. V. Participation of histamine receptor positive and negative 
lymphocytes in the granulomatous response of Schistosoma rnonjoRi-infected mice. 
J Immunol. 130: 423^27. 



PLOS ONE I www.plosone.org 



11 



February 2014 | Volume 9 | Issue 2 | e88042 



